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Abstract

Background: Sex is an integral variable often overlooked in complex disease genetics. Differences between sexes have been reported in natural
history, disease complications, and age of onset in inflammatory bowel disease (IBD). While association studies have identified >230 IBD loci,
there have been a limited number of studies investigating sex differences underlying these genetic associations.

Methods: We report the first investigation of sex-dimorphic associations via meta-analysis of a sex-stratified association study (34 579 IBD
cases, 39 125 controls). In addition, we performed chromosome (chr) X-specific analyses, considering models of X inactivation (XCI) and XClI
escape. Demographic and clinical characteristics were also compared between sexes.

Results: We identified significant differences between sexes for disease location and perianal complication in Crohn's disease and disease ex-
tent in ulcerative colitis. We observed genome-wide-significant sex-dimorphic associations (P < 5 x 10%) at loci not previously reported in large-
scale IBD genetic studies, including at chr9g22, CARMIL1, and UBASH3A. We identified variants in known IBD loci, including in chr2p15 and
within the major histocompatibility complex on chr6, exhibiting sex-specific patterns of association (P< 5 x 107 in one sex only). We identified 3
chrX associations with IBD, including a novel Crohn's disease susceptibility locus at Xp22.

Conclusions: These analyses identified novel IBD loci, in addition to characterizing sex-specific patterns of associations underlying sex-dimorphic
associations. By elucidating the role of sex in IBD genetics, our study will help enhance our understanding of the differences between the sexes
in IBD biology and underscores a need to move beyond conventional sex-combined analyses to appreciate the genetic architecture of IBD more
comprehensively.

Lay Summary

Sex-dimorphic meta-analyses of sex-stratified case-control (n = 73 704) regression identified 3 novel inflammatory bowel disease loci reaching
genome-wide significance and highlighted chromosome 2 and major histocompatibility complex variants exhibiting sex-specific association. In
addition, a novel chromosome X Crohn's disease susceptibility locus was identified.

Key Words: sex dimorphic, genetics, inflammatory bowel disease

Introduction inflammation of the gastrointestinal (GI) tract in genetically sus-
ceptible individuals. In IBD, a higher prevalence in females has
been observed in CD.? A recent meta-analysis of 17 population-
based cohorts demonstrated sex differences in IBD age of onset.?
In addition, it has also been reported that males diagnosed with
IBD are more likely to present with upper GI involvement, have
a higher likelihood of ileal CD diagnosis, and undergo more
small bowel surgery, while colonic disease and extraintestinal
manifestations are more common in females.*

Sexisanimportant biological factor often overlooked in genome-
wide association studies of complex traits. Sex differences in
disease prevalence, severity, and natural history have been
documented in cardiovascular disease, psychiatric disorders,
Alzheimer’s, Parkinson’s, and numerous immune-mediated
diseases.! Inflammatory bowel disease (IBD), including Crohn’s
disease (CD) and ulcerative colitis (UC), is a complex disease of
immune dysregulation to commensal gut flora causing chronic
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Key Messages:

e Studies have implicated >230 inflammatory bowel dis-
ease (IBD) susceptibility loci predominantly through sex-
combined genetic association analyses largely focused
on autosomes.

e This is the largest study of IBD phenotypes across the
sexes and the first investigation of the role of sex un-
derlying IBD genetic associations utilizing sex-dimorphic
meta-analysis of a sex-specific association study, in ad-
dition to analysis of variants on chromosome X.

e Precision medicine approaches in IBD are needed to im-
prove clinical outcomes; these advances require both an
understanding of clinical variability and the differences in
underlying molecular signatures in diverse populations
including the sexes.

Differences between the female and male immune sys-
tems are well established. Males have higher natural killer
cell numbers, while macrophage and neutrophil phagocytic
activity and the efficiency of antigen-presenting cells have
been reported to be higher in females. Females also have a
higher frequency of CD4* T cells, higher CD4-to-CD8 ratio,
higher B cell numbers, and greater antibody production, and
generally produce a T helper 2-dominant response, whereas
males have a higher number of CD8* T cells and T regulatory
(T-reg) cells and an observed T helper 1 cell bias.® Sex ste-
roid hormones and hormonal changes throughout puberty,
adulthood, and especially pregnancy contribute greatly to
these differences in immunity. For example, progesterone and
testosterone are generally anti-inflammatory, while estradiol
(E2) has been shown to exert either proinflammatory or an-
ti-inflammatory effects depending on concentrations (low vs
high E2 concentrations, respectively).®

In addition to the differences noted previously, sex differences
in genetic variant association, gene regulation, or gene expres-
sion likely contribute to the sexual dimorphism of complex
diseases.”® Most sex-specific genetic associations in IBD have
been observed in autosomal loci,”!! and chromosome X (chrX)
has traditionally been excluded due to a previous lack of sta-
tistical tools to properly account for chrX inactivation (XCI)
and dosage compensation between the sexes. Approximately
15% of chrX genes escape XCI to varying degrees. This phe-
nomenon of incomplete and variable XCI can be very tissue
specific, resulting in sex-biased gene expression that may po-
tentially contribute to sex-specific phenotype diversity.'? Across
all traits, only ~550 associations have been reported on chrX
through genome-wide association studies (GWASs). Given that
chrX carries 848 protein-coding genes, including numerous im-
mune response—related genes, it is perceivable that a more thor-
ough investigation will highlight a growing role for chrX genes
in immune-mediated complex diseases.'?

More than 230 IBD susceptibility loci have been identified
thus far,'*15 yet sex differences underlying these associations
have not been thoroughly investigated, and the role of sex
chromosomes in IBD has been largely ignored, with a few
exceptions. In this study, we utilized software tools spe-
cific for sex-dimorphic analyses of autosomal variants
and the analysis of chrX variants'®!” to identify novel IBD
associations at both autosomal and chrX loci, in addition
to highlighting sex-specific patterns of association under-
lying observed sex-dimorphic associations. Our results

demonstrate that investigating sex-specific genetic architec-
ture by moving beyond more conventional sex-combined
analyses as well as incorporating sex chromosomes in asso-
ciation studies may yield interesting biological insight and
contribute toward better addressing the issue of missing her-
itability in IBD.

Methods

Study subjects

A total of 5798 IBD cases and 7738 non-IBD controls were
available from Cedars-Sinai Medical Center (CSMC). A
subset of non-IBD controls included the British Birth Cohort
1958 and samples provided by the National Laboratory
for the Genetics of Israeli Populations (https:/www.tau.
ac.il/medicine/NLGIP/). Diagnosis of IBD was based on
standard endoscopic, histologic, and radiographic features.
Clinical phenotypes were made available through the CSMC
MIRIAD Biobank. Subject recruitment in the International
IBD Genetics Consortium (IIBDGC) has been documented
elsewhere.!* Briefly, subjects were recruited from 15 countries
in Europe, North America, and Oceania. Diagnosis of IBD
was based on accepted radiological, endoscopic, and histo-
pathological evaluation. A total of 30 779 IBD cases and 33
778 non-IBD controls were available from IIBDGC after ex-
clusion of any overlapping CSMC subjects.

Genotyping and quality control

All subjects were genotyped using the Illumina Infinium
Immunochip-v1 array per manufacturer’s protocol (Illumina).
For CSMC (including National Laboratory for the Genetics
of Israeli Populations and British Birth Cohort 1958), average
genotyping rate and replicate concordance for samples that
passed quality control (QC) were 99.80% and 99.99%, re-
spectively. Samples of non-European ethnicity (as defined by
<70% European admixture) were excluded from analyses.
Samples were excluded if demonstrating sex inconsistencies,
missingness >3 %, or a high proportion of identity-by-descent
(Pi-hat > 0.1875). IBDGC Immunochip-v1 array genotyping
and European ancestry sample and variant QC has been pre-
viously described.'* Post-genotyping single nucleotide poly-
morphism (SNP) QC for both cohorts excluded variants with
missingness >3%, minor allele frequency <3%, deviation
from Hardy-Weinberg equilibrium (P <1x10*), and
differential missingness between sexes or between cases and
controls (P <1 x 10#). ChrX-specific QC metrics included
exclusion of variants with differential minor allele frequency
and missingness (P <1 x 10*) between male and female
controls, in addition to deviation from Hardy-Weinberg equi-
librium in females (P, <1x10%). A total of 9917 and
63 787 samples and 97 261 and 101 109 SNPs from CSMC
and IIBDGC, respectively, were available post-QC. QC was
performed using PLINK' and R v4.2.0 (R Foundation for
Statistical Computing, https://www.R-project.org/), and
XWAS! for chrX.

Statistical analysis

Univariate analyses of clinical and demographic variables
were performed in R using the chi-square test or regression
for categorical or continuous variables, respectively. Single
SNP association of autosomal variants was performed sep-
arately for males and females using logistic (for case-control
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disease status and categorical clinical variables) or linear (for
age-related variables) regression, with adjustment for pop-
ulation substratification with principal components using
PLINK," followed by inverse variance—weighted fixed-effects
meta-analyses using GWAMAv2.2.2.'7 Three meta-analyses
strategies were implemented in GWAMA: (1) sex-specific,
(2) sex-combined, and (3) sex-dimorphic, which represents
a combined P value of male- and female-specific estimates
while allowing for heterogeneity in effects between sexes (chi-
square distribution with 2 degrees of freedom [df]). These
2-df sex-dimorphic meta-analyses are, in theory, equivalent
to testing for association allowing for interaction between
SNP and sex under an additive model. In addition, GWAMA
reports a 1-df Cochran’s Q test for heterogeneity between
sexes. See Figure 1 for analytic schematic for Immunochip-
wide autosomal variants.

Linkage disequilibrium (LD)-based clumping for auto-
somal variants within 500 kb and r*> >0.5 was performed
using PLINK to identify index SNPs. LD for the CEU popu-
lation was also evaluated using LDlink."” SNPs in LD r? >0.5
with lead variants were excluded, unless otherwise noted.
For previously reported IBD associated variants, proxies r?
>0.8 (CEU) were used if reported variant failed Immunochip
genotyping QC.'>" Uncontrolled confounding from popula-
tion substructure for the combined CSMC-IIBDGC cohort
was evaluated by calculating the genomic control inflation
factor for 1000 random cases and 1000 random controls
(Aee1000) Using a set of null SNPs that passed QC and have
not been associated with immune-mediated diseases.'**° Test
statistics showed negligible inflation (Supplementary Table 1).

Given the unique nature of chrX, we performed chrX
association analysis under the models of (1) complete and
uniform XCI (XCI-Complete) in females, with hemizygous
males corresponding to homozygous females and a similar
effect size between sexes (PLINK regression with --xchr-
model 2, with sex as a covariate and male chrX genotypes
coded as 0 or 2, female chrX genotypes coded as 0, 1, or 2)
and (2) escape from XCI (XCI-Escape) in females, as some
genes are known to escape X inactivation and others shown
to have variable, tissue-specific escape (--xchr-model 1, with
sex as a covariate and males coded as 0 or 1).!> Because
assumptions of complete XCI and equal effects sizes do
not always hold, we also performed a third model, of sex-
stratified regression analyses separately in males and females
and combined by a weighted z-score approach for Fisher’s
test (Fisher combined, allowing for differential effects size
and direction of effect between sexes and unaffected by al-
lele coding in males) or weighted Stouffer’s method (Stouffer
combined, accounting for different sample sizes and direc-
tion of effect) (XWAS).1

Khrom et al

Genes names cited throughout the manuscript and in ta-
bles refer to gene(s) nearest the associated variant of interest,
with the exception of previously reported IBD variants in
which both the gene and implicated gene columns are as re-
ported in de Lange et al."” Variants were annotated as novel
if they fell outside 1 Mb of previously reported variant(s)
in an IBD-associated genomic region and r? <0.2 with pre-
viously reported SNPs.'> RegulomeDBv2.0, which integrates
data from ENCODE and Roadmap, was utilized to investi-
gate DNA features and regulatory elements overlapping as-
sociated SNPs.?! Expression quantitative trait loci (eQTLs)
and splicing quantitative trait loci were examined using data
available from GTEx and the eQTLGen Consortium.?>?

Results

Study population

Cohort demographic and clinical characteristics are shown in
Table 1. For males, there was a total 8653 CD, 7527 UC, 241
IBD-unclassified, and 16 780 controls; for females, there was a
total of 10 760 CD, 7196 UC, 202 IBD-unclassified, and 22 345
controls. Females had a higher mean age at diagnosis at CSMC
(26.46 years vs 25.89 years), while in the IBDGC, males had
a higher mean age at diagnosis (30.66 years vs 31.97 years).
Disease duration was comparable between sexes in CSMC,
whereas there was a slightly longer mean disease duration in
females vs males in IIBDGC (23.76 years and 22.94 years).
In both the CSMC and IIBDGC cohorts, the most frequently
observed phenotypes in CD subjects were inflammatory (non-
stricturing, non-internal penetrating) disease behavior (B1) and
ileocolonic disease location (L3). No significant differences in
disease behavior were observed between sexes for either co-
hort. Males were less likely to have a colonic-only disease lo-
cation (L2) (P =.045 and 4.3 x 10* for CSMC and IIBDGC,
respectively). Males were more likely to have upper GI disease
(IIBDGC only: P =7.7 x 10#) and perianal CD (P =.022 and
.015 for CSMC and IIBDGC, respectively). UC subjects pre-
dominantly had extensive disease (E3), and males were more
likely to have extensive UC than females (P = 3.3 x 10 and
2.8 x 10 for CSMC and IIBDGC, respectively).

Sex-dimorphic analyses identify autosomal
associations in novel IBD loci

Compared with sex-combined meta-analyses, the 2-df sex-
dimorphic test has been shown to be more powerful in the
presence of potential heterogeneity between the sexes.!”**
Thus, we first investigated whether the 2-df sex-dimorphic
meta-analysis of sex-stratified case-control regression on 34
579 cases and 39 125 controls could reveal associations in

P<5x10°
2-df —_— Novel* Locus? —_— ‘ Table 2 ‘
Sex-dimorphic
Sex-specific
Test —_— pec —_ Table 3 ‘
#p<5x10°8 Association? P <5x107
in one sex
only**

Figure 1. Schematic describing analysis workflow. *Single nucleotide polymorphism located outside the 1 Mb window of previously reported variants
in an inflammatory bowel disease—associated genomic region and r? < 0.2 with previously reported single nucleotide polymorphism.™ **P > .05 in the

opposite sex in sex-specific meta-analyses. *Variants 5 x 10® < P,
Table 3.

2-df sex-dimorphic

< 5 x 107 evaluated for sex-specific association are listed in Supplementary
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associations further highlighting potential sex-dimorphism
within MHC (Supplementary Table 3 and Supplementary
Figure 1). Moreover, we examined whether any variants
revealed sex-dimorphic genome-wide significance with
sex-specific patterns of association for clinical variables.
rs9673419/NKD1 (P, ;= 1.7x10%P,  =1.5x10
and 1s621701/C2 (P, " =2.9x 10, P, =23 x 10
%) demonstrated association with colonic-only CD and age at
diagnosis, respectively (Supplementary Table 2B). For CD in-
flammatory disease behavior, rs35419456/THADA exhibited
genome-wide significance with the 1-df sex heterogeneity
et (P4 hererogenciy = 1-0 X 10%) with comparable signif-
icance yet opposite directions of effect between sexes (P
=6.9 x 10%; P

al

2df-

=.78) (Supplementary Table

sex-dimorphic Sex-combined

We also examined SNPs that were associated with IBD
in the largest study published to date.'> Of the reported
variants or proxies (r>>0.8) available in our dataset, only
3 SNPs demonstrated association at P <5 x 107 for one
sex only, including rs61839660/IL2RA (P, =1.0x 10
%), 1s16967103/RASGRP1 (P, .. =8.1x10%), and
1rs254560/C20rf66 (Prnae = 3-6 x 107), with only
rs61839660 demonstrating genome-wide significance in
2-df sex-dimorphic meta-analyses (Supplementary Table 4).
These results further emphasize the importance of exploring
the interplay of sex and genetics in IBD beyond what may be
identified with conventional analyses.

IBD-associations with chrX variants

We analyzed chrX SNPs by sex-stratified regression analyses
making no assumptions of XCI status, as well as under
assumptions of complete and uniform XCI, in addition to
XCI-Escape. Table 4 shows results for SNPs with P <4 x 10~
in CD. Given the 1262 chrX variants available, we considered
a Bonferroni-corrected threshold of 4 x 107 for each anal-
ysis and a threshold of 5 x 10 to account for multiple tests
performed. Differences in the observed level of significance
for a variant tested under a model of XCI vs XCI-Escape may
be reflective of the status of inactivation for a given locus in
which a variant resides. rs2230488 in RPS6KA3 exhibited
the most robust significance observed under a model of
XCI-Escape, while consistently demonstrating association

at P<5x10¢ across all analyses (Py e =1.1%10"
7 ovs PXCI-Escapc =4.2 XlOS; PFishcr—combincd = X 1077’ PStouffcr.
combined = 8-3 x 107). Similarly, rs34519770 in MAP7D2

(r’=0.66 with rs2230488/RPS6KA3) was more strongly
associated under a model of XCI-Escape (P =2.4 x 10°), as
well as with weighted Stouffer’s combined (P =4.1 x 10°).
rs1279816 (STAG2/SH2D1A intergenic), however, exhibited
the greatest significance under assumptions of complete XCI
(P=2.1x107) yet did not reach P < 5x 10 across any
analyses (Table 4). No SNPs were associated with UC or IBD
at P <4 x 107, Our chrX associations with CD stress the im-
portance of investigating the neglected chromosome X in IBD
susceptibility and highlight candidate IBD loci for further
functional studies.

Discussion

The “gender gap” is well-established, with a greater preva-
lence in females for many (systemic lupus erythematosus,
rheumatoid arthritis, Sjogren’s syndrome, multiple sclerosis)

Khrom et al

but not all (ankylosing spondylitis) immune-mediated in-
flammatory diseases.! There are numerous factors underlying
this observed sexual dimorphism in both prevalence and se-
verity, including sex differences in the immune system and
immune response, hormones, genetics, and environmental
elements. There has been a pronounced shift in recent years
toward considering sex as a critical variable in research. For
IBD, while sex differences in clinical observations have been
documented, a thorough investigation of sex differences in
genetic association has been lacking. Here, we present the first
and largest systematic investigation of the role for sex in IBD
genetics.

As with other immune-mediated diseases, sex differences
in IBD have been reported for natural history and disease
complications, including with age of onset, disease location,
presence of extraintestinal manifestations, and risk for sur-
gery.®>” In our study of the largest dataset to date, we identified
significant phenotypic differences between the sexes for dis-
ease location, extent, and complications. We observed males
to more likely have both upper GI disease and perianal dis-
ease complications in CD. Males were less likely to have both
colonic-only disease location in CD and also more extensive
disease in UC. We did not observe any significant difference
in disease behavior between sexes (Table 1). Greater female
predominance has been previously reported for CD, yet the
interpretation of this is complex, given the effects of es-
trogen signaling on the immune system and epithelial home-
ostasis.>®!3 In vivo studies support a critical role of estrogen
signaling in sex-based differences in IBD.2*?” Male SAMP1/
YitFc mice have been shown to expand their intestinal T-reg
cell population and reduce inflammation in response to exog-
enous estrogen, while female SAMP1/YitFc mice are resistant
to the effects of exogenous estrogen, exhibiting dysregulation
of estrogen receptor PB—specific signaling, impaired T-reg sup-
pressive functions, and more severe ileitis.?” Furthermore, fe-
male patients with active CD have been shown to demonstrate
reduced estrogen receptor 5 expression in intestinal mucosal
and peripheral T cells and aberrant T-reg-specific expression
of transcription factor GILZ, resulting in a loss of functional
T-reg suppression.?® Such preclinical studies warrant the im-
portance of thoroughly investigating sex differences in IBD.

There have been a limited number of studies investigating
sex-specific genetic associations in IBD. R30Q in DLGS has
previously been shown to be a sex-specific susceptibility var-
iant conferring risk of CD in males.'! DLGS R30Q was not
significant in our dataset. Female-specific associations have
also been reported for IL10, IL23R, and ATG16L1, but most
findings have not been replicated.”!*?® We did not observe
sex-specific associations in these loci. Genome-wide signifi-
cance was observed in both sexes for rs6752107/ATG16L1
and rs3024505/IL10, and we observed a more robust fe-
male sex-stratified signal, in keeping with previous reports.
The opposite trend was observed for rs11209026/IL23R
(Supplementary Table 4). Moreover, most previously re-
ported IBD-associated variants!® did not demonstrate any
sex-specific patterns (Supplementary Table 4).

The aim of our study was to comprehensively examine
whether sex plays a significant role in the genetic etiology
of IBD susceptibility. For this study, we utilized a 2-df sex-
dimorphic test that has been shown to be comparable to
sex-combined analyses in the absence of heterogeneity be-
tween sexes, yet more powerful in the presence of potential
heterogeneity. The 2-df sex-dimorphic test also allows for


http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad089#supplementary-data
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utilization of the full sample size as compared with sex-
specific analyses."” We identified 3 novel loci at P, .
< 5x10* including chr9q22, CARMIL1, and UBASH3A
(Table 2). We observed association with IBD and 2 variants in
CARMIL1 (aka LRRC16A), encoding a leucine-rich repeat—
containing membrane-associated protein detected in a wide
variety of tissues, including the terminal ileum. CARMIL1
has recently been shown to associate with interleukin
(IL)-1 signaling molecules and play a role in IL-1-induced
ERK activation.?’ This locus has been associated in genetic
studies of numerous traits, with 1 of our 2 IBD-associated
variants (rs7752195) implicated in an autism-schizophrenia
meta-analysis.*® Our novel association with UC was with
UBASH3A, a gene involved in regulation of T cell signaling
and not previously identified in any recent large-scale IBD
genetic studies,'*'>3! although nominal association has been
reported with UC.3> We achieved genome-wide significance
for rs1893592, an eQTL for UBASH3A in transverse colon,
terminal ileum, and whole blood, among other tissues, which
has also demonstrated association with multiple immune-
mediated diseases such as primary sclerosing cholangitis and
rheumatoid arthritis.’*** rs1893592 is located within a splice
consensus sequence downstream of exon 10, with the C al-
lele predicted to disrupt the 5” splice donor sequence, poten-
tially leading to nonstop-mediated messenger RNA decay.>
Further investigation is needed to establish the functional
consequences of this variant on UBASH3A protein and its

implications in IBD.
<5x10® were next

Variants achieving P, .
R -sex-dimorp! l-C . .
evaluated for sex-specific association (P <5 x 107 in

one sex only). Multiple (r? < 0.35) variants in chr2pl5
demonstrated the most significant sex-dimorphic P values
and were associated with a female-specific increased risk in
CD and IBD (Table 3). This locus harboring genes C207f74,
USP34, and PUS10 has previously been implicated in IBD
and other chronic inflammatory diseases.!*-*> While no one
specific gene in chr2p15 has been definitively implicated in
IBD pathogenesis, variants reported here are eQTLs and
splicing quantitative trait loci for C2o0rf74 in numerous
tissues, including terminal ileum and sigmoid and trans-
verse colon, and reside in a region demonstrating histone
modifications consistent with strong transcription in co-
lonic mucosa and the sigmoid colon, among others. In addi-
tion, one-third of our observed sex-dimorphic associations
resided within the MHC (Table 3). While countless IBD
studies have documented multiple independent genetic
associations in both HLA and non-HLA genes within the
MHC, a recent transethnic analysis of HLA in UC did not
reveal evidence of sex-biased association using a case-only
analytic approach.’ Sex differences are well established in
the context of both innate and adaptive immunity.® Coupled
with the known role of MHC in IBD, our sex-dimorphic
observations within this locus were not unexpected, and
our results warrant functional studies of the role of sex and
MHC associations with IBD.

We also identified association with phospholipase PGAP3
(Table 3).rs72832915 exhibited female-specific sex-dimorphic
association with CD and resides in a gene-dense region with
evidence of association with IBD and sex-biased autoimmune
diseases including rheumatoid arthritis.'>** While rs72832915
is intronic to PGAP3, this variant falls within an open chro-
matin binding site for HNF4A, a transcription factor with a
role in intestinal epithelial homeostasis, and is an eQTL for
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GSDMA in the transverse colon, among others. Furthermore
a recent study evaluating the effect of sex on gene expression
across tissues identified GSDMA, a member of the gasdermin
family of pore-forming proteins that can interfere with cell
membrane integrity and trigger inflammatory pyroptosis, as
among the top 500 sex-biased genes in the transverse colon.®3¢
Our results warrant a consideration of sex for future studies
of GSDMA in IBD and colitis to better understand the role of
sex underlying the association at these loci.

Additionally, we identified potential novel loci highlighted
by variants exhibiting nominal significance with 2-df sex-
dimorphic meta-analysis (5 x 10 < P <5 x 107), including
rs57275892/PSMA6 with CD and rs980263457/089 with
UC (Supplementary Table 3). PSMAG6 encodes a component
of the 20S core proteasome complex involved in the prote-
olytic degradation of most intracellular proteins. While the
most recent, largest European IBD genetic association study
has not implicated this locus, association with rs57275892
has been reported in an East Asian IBD study.?’ Of partic-
ular interest to our sex-dimorphic association observed at this
locus is evidence of sex-biased expression for PSMA6 in both
the sigmoid colon and terminal ileum.® In addition, differen-
tial gene expression analyses from our previously published
transcriptomic data of uninvolved small bowel CD surgical
subjects’” highlighted decreased expression of PSMAG6 in
females (log fold change = -0.31 and -0.44; P, . = 3.1 x 10
7and 5.8 x 107), further supportive of a potential role for sex
at this locus. The second potential novel locus is OS9, which
encodes an endoplasmic reticulum (ER) lectin involved in
ER-associated protein degradation that protects intestinal ep-
ithelial barrier function under hypoxic conditions in vitro.?
Our observed associations with UC and OS9 as well as with
rs6088728 in EDEM2, encoding another ER lectin, coupled
with a recognized role for ER stress in intestinal epithelial
barrier function in the context of IBD,* suggest a promising
avenue for further investigation of the role of sex underlying
ER stress pathways in IBD pathogenesis.

ChrX associations have thus far regularly been overlooked
due to a lack of robust statistical methodology. It has been
reported that up to a quarter of X-linked genes demonstrate
complete or variable XCI-Escape in healthy females,'?> which
may result in sex-biased gene expression across human
tissues.® With minimal literature on chrX genetic association
in IBD, we comprehensively evaluated associations with chrX
variants, including under models of complete and uniform
XCI and XCI-Escape, to identify candidate IBD X-linked
loci. Of the top 2 novel exonic associations (r? = 0.66) in
RPS6KA3 and MAP7D2 on Xp22.12 (Table 4), the lead
SNP rs2230488 lies within a region of histone modifications
marks consistent with strong transcription in various tissues
including CD4* T helper cells, rectal mucosa, the sigmoid
colon, and the small intestine. Both variants demonstrate
evidence of eQTLs for nearby genes EIF1IAX and Cxorf23
in adipose, colon, thyroid, and whole blood. The eukaryotic
translation initiation factor EIF1AX is located within a chrX
stratum with a high chance of escaping XCI and displays
higher expression in females for several tissues including the
colon and terminal ileum.®* While we did not consider XCI
patterns across different tissues and deeper investigations of
sex-specific expression patterns are warranted, these EIF1AX
data are consistent with our observations of rs2230488 and
rs34519770 having strongest associations under models
of XCI-Escape. Differential expression between sexes for
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MAP7D2 and EIF1AX has also recently been demonstrated
in whole blood.”® Our analyses identify association at
Xp22.12 and highlight a potential role for EIFIAX, a gene
not previously implicated in IBD or other immune-mediated
diseases.

Our study highlights important findings, but some limita-
tions should be acknowledged. While we identified genome-
wide significance with the 2-df sex-dimorphic test, with the
exception of 1$35419456/THADA and CD disease behavior
(Supplementary Table 2B), no other variants reached genome-
wide significance with the 1-df Cochran’s Q test for sex het-
erogeneity. However, this is in keeping with previous reports
that sex heterogeneity test is generally underpowered in com-
parison with the 2-df sex-dimorphic test, when effects in the
same direction are larger in or are specific to one sex.'”?* We
also recognize the difference in sample size between sexes,
which may impact power in our sex-specific analyses, yet
one benefit of implementing the 2-df sex-dimorphic meta-
analytic approach is the ability to utilize the full dataset to
include both sexes in analyses. There is increasing evidence
of sex-based differences in IBD epidemiology in non-Euro-
pean cohorts.*! In this study, we were limited to a European
ancestry population as well as polymorphisms present on the
Immunochip array. Follow-up investigations would greatly
benefit from cross-ancestry analyses in addition to more
comprehensive whole-genome platforms, particularly for
chrX coverage and expanding MHC studies to include HLA
alleles. Furthermore, these results would benefit from inde-
pendent replication, particularly for variants at potentially
novel loci. Finally, while we investigated chrX associations
under models of XCI and XCI-Escape, we did not evaluate
XCI patterns, which are known to be quite variable and
tissue specific, across the different IBD-relevant tissues. In
addition, while one benefit of consortia-based studies is a
dramatic increase in power, this often comes at the expense
of missing subphenotypic and demographic characteristics,
as observed particularly with our age-related variables. We
also cannot rule out that the associations reported here are
not due to thus far unidentified IBD risk factors that may
vary by sex.

In summary, we present here the largest study to date
investigating IBD phenotypes across the sexes and observed
significant differences for CD location, perianal dis-
ease, and UC extent. We also demonstrated that the 2-df
sex-dimorphic and chrX analyses have the potential to
uncover genetic factors of sexual dimorphism that may
contribute to refining our understanding of IBD risk. Our
analyses identified 3 novel loci previously unreported in
recent large-scale IBD GWASs. We also characterized sex-
dimorphic associations at C2o0rf74 and within the MHC,
in addition to PGAP3/GSDMA, PSMA6, and OS9. Given
the numerous immune-related genes located on chrX, we
identified a potentially novel locus on chromosome Xp22
(RPS6KA3/MAP7D2/EIF1AX). Studies such as ours help us
move toward elucidating role of sex-dependent and chrX
variation in IBD genetic architecture and provide important
clues about disease etiology.

Supplementary data

Supplementary data is available at Inflammatory Bowel
Diseases online.
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